Protein function elucidation often relies heavily on amino acid sequence analysis and other bioinformatics approaches. The reliance is extended to structure homology modeling for ligand docking and protein-protein interaction mapping. However, sequence analysis of RPA3313 exposes a large, unannotated class of hypothetical proteins mostly from the Rhizobiales order. In the absence of sequence and structure information, further functional elucidation of this class of proteins has been significantly hindered. A high quality NMR structure of RPA3313 reveals that the protein forms a novel split bbab fold with a conserved ligand binding pocket between the first b-strand and the N-terminus of the a-helix. Conserved residue analysis and protein-protein interaction prediction analyses reveal multiple protein binding sites and conserved functional residues. Results of a mass spectrometry proteomic analysis strongly point toward interaction with the ribosome and its subunits. The combined structural and proteomic analyses suggest that RPA3313 by itself or in a larger complex may assist in the transportation of substrates to or from the ribosome for further processing.
INTRODUCTION
Rhodopseudomonas palustris is a unique organism known for its metabolic diversity and extensive distribution throughout the environment. 1 It has the ability to grow under four distinct modes of metabolism (photoautotrophic, photoheterotrophic, chemoautotrophic, and chemoheterotrophic) on a wide assortment of carbon sources. R. palustris is typically found in soil and freshwater sources, but has also been discovered in swine waste and coastal sediments. 2 As a purple nonsulfur photosynthetic bacterium, it belongs to the alphaproteobacterium order. 3 Within this order exists many species which are similarly metabolically versatile, yet there are clear phylogenetic differences. In fact, based on 16S rRNA sequencing the inherent divergence in the order is not based on phototrophic ability but rather demonstrates a mixing of phototrophs and nonphototrophs. 3 R. palustris is of particular biotechnological interest because it utilizes aromatic hydrocarbons as a carbon source under both aerobic and anaerobic growth conditions. Also, R. palustris fixes more nitrogen when grown on aromatic hydrocarbons relative to aliphatic substrates. 4 Furthermore, growth of the organism can occur on aromatic substrates containing a range of functional moieties. The combination of all of these factors makes R. palustris a model organism for bioremediation, energy production, and other biotechnological applications. [5] [6] [7] [8] [9] In 2004, the genome of R. palustris was sequenced and published along with a prediction of general gene functional classes. 2 Approximately 15% of the genome is believed to be devoted solely to transport, which is surprising since prokaryotes usually commit only a third of this amount (5-10%) to transport. 10 Nevertheless, this greater commitment of R. palustris to transport is consistent with its observed metabolic diversity. A larger assortment of transport proteins would be necessary for R. palustris to readily adapt to various carbon and energy sources; or to proliferate under changing respiration or environmental states. Conversely, 29% of the genome has been tentatively labeled as hypothetical or of unknown function. An additional 8% of the genome is only annotated with a general function. A follow-up LC-ES-MS/ MS proteomics analysis of R. palustris included a more detailed functional annotation based on protein sequence analysis. 11 However, the percentage of functionally uncharacterized or partially annotated proteins remained unchanged. Of particular note, the proteome of R. palustris was analyzed for each metabolic mode of growth. Thus, the relative expression rates of R. palustris proteins under each metabolic mode of growth are known. 11 The large fraction of unannotated or partially annotated R. palustris genes presents a significant obstacle for the further development of biotechnological applications and hinders additional biochemical studies.
The R. palustris protein RPA3313 (7.45 kDa, 70 amino acids) is a hypothetical protein targeted for structural elucidation by the Structural Genomics Consortium at the University of Toronto (http://www.thesgc.org/). RPA3313 is currently classified by UniProtKB 12 (Q6N4M4) as an uncharacterized protein. A BLAST search of the RPA3313 sequence reveals a group of 93 hypothetical yet conserved proteins (>32% identity) from only the alphaproteobacterium order (Fig. 1) . Unfortunately, minimal structural or functional information was obtained from the sequence analysis since no structures of homologous proteins are present in the Protein Data Bank (http://www.rcsb.org/). 13 RPA3313 was identified in the previously reported R. palustris proteomics study 11 and was only observed to be expressed during photoautotrophic growth. Photoautotrophic organisms, such as R. palustris, sequester atmospheric CO 2 and convert it to energy rich carbon sources. Ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO) are found in photoautotrophic organisms and are responsible for most of the organic carbon in the environment. As the most abundant protein in nature, RubisCO is found in plants, bacteria, and archaea in at least four molecular forms. 14 The genome of R. palustris contains multiple forms of RubisCO, which further contributes to its adaptability to diverse environmental conditions. 15 The combined adaptability and RubisCO activity of R. palustris may be beneficial to biotechnological applications involving bulk removal of CO 2 from the atmosphere. However, the photoautotrophic mode of metabolism in R. palustris and other alphaproteobacteria remains relatively unknown. 16 Although the hypothetical protein RPA3313 has been experimentally verified as an expressed protein during photoautotrophic growth; the function and structure of RPA3313 still remains elusive. Structural approaches are a valuable alternative to obtaining a functional annotation when sequence similarity techniques fail and leaves a large class of functionally uncharacterized proteins. 17,18 Thus, obtaining an NMR solution structure for R. palustris protein RPA3313 is expected to provide a better understanding of its general biological role and also provide a putative structure and function for the 93 homologous proteins (Fig. 1 ). RPA3313 forms a novel split bbab fold with a conserved ligand binding pocket. The NMR structure combined with a bioinformatics analysis and mass spectrometry proteomics suggest RPA3313 may assist in the transportation of substrates to or from the ribosome for further processing.
MATERIALS AND METHODS

Protein expression and purification
Uniformly 15 N and 13 C labeled RPA3313 samples were prepared for NMR structural studies as follows. The target sequence for RPA3313 (70 amino acids with a 21 Figure 1 (A) A neighbor-join tree of the protein BLAST results of RPA3313 against nonredundant protein sequences. All of the sequence hits belong the alphaproteobacteria order and have identities >32%. The three colored groups are dominated by species belonging to the genera listed next to them. The tree highlights the fact that this protein is a member of an unannotated and a structurally uncharacterized class of proteins. (B) The BLAST sequence alignment of RPA3313 with the nine other Rhodopseudomonas proteins. The secondary structure is indicated above the sequence alignment and was generated with Polyview-2D. 56 RPA3313 is indicated in the phylogenetic tree and sequence alignment with a dot. [ 
NMR structure determination
All NMR experiments were collected with nonuniform sampling at 20% sparsity using a Poisson-gap schedule 20 at 298 K on a 700 MHz Bruker Avance III spectrometer equipped with a 5 mm QCI-P probe with cryogenically cooled carbon and proton channels. Backbone and sidechain assignments were completed using the standard triple resonance approach consisting of the following experiments: Identification of nuclear Overhauser effects (NOEs) was accomplished with 15 N-edited NOESY-HSQC and 13 Cedited NOESYAHSQC experiments using a mixing time of 150 ms. The resulting data was reconstructed using multidimensional decomposition (MDD) and processed in TopSpin 3.2 followed by evaluation in CCPNMR Analysis. 23 Initial model generation according to backbone chemical shifts was undertaken using CS-ROSETTA 24-26 on the open webserver at the BMRB (https://csrosetta.bmrb.wisc. edu/). The CS-ROSETTA software was only used for the creation of an initial model for RPA3313. CS-ROSETTA was not used to further refine the RPA3313 ensemble.
XPLOR-NIH version 2.37 was used to refine the initial model of target RPA3313. 27, 28 Briefly, the refinement involved 912 manually assigned NOE distance restraints, 66 hydrogen bond distance restraints, 30 3 J NHa coupling constants, 128 13 Ca/ 13 Cb chemical shifts, and 102 predicted dihedral angle restraints from TALOS1. 29 1000 total structures were generated during the XPLOR-NIH structure refinement and the 20 lowest energy structures were subsequently subjected to water refinement according to the RECOORD conventions. The coordinate average structure for the water-refined models was further subjected to the same explicit water refinement method for energy minimization. The water-refined ensemble and average structure for target RPA3313 was analyzed with the PSVS software suite, which is comprised of commonly used structural validation packages. 30-34 UCSF Chimera was used for the structural visualization and surface representation of RPA3313. 35
Chemical crosslinking and in-gel digestion
Approximately 3 h following the induction of RPA3313 in Lysogeny broth (LB) media, the E. coli culture was pelleted and resuspended in crosslinking buffer (1% paraformaldehyde, 13 PBS, pH 8, 378C). Crosslinking was allowed to proceed for 15 min before quenching with 1.25 M glycine. The E. coli cells were lysed by sonication and RPA3313 with crosslinked binding partners was purified using the RPA3313 histidine tag and a Co 21 affinity column as described above in the protein purification section. The sample preparation procedure also efficiently removes the formaldehyde crosslinking. The purified proteins were then visualized by SDS-PAGE. Protein bands were excised before submission to the Nebraska Center for Mass Spectrometry for MS/MS analysis.
Rhodopseudomonas palustris (ATCC) was propagated in a filled flask of 500 mL of 112 medium at 308C for several days until reaching stationary growth. Bacterial growth was red in color indicating that photoautotrophic had occurred. The culture was pelleted by centrifugation and resuspended in water prior to lysis by sonication. Extracted proteins were frozen and lyophilized overnight. Approximately 2 mg of pure RPA3313 was added to the R. palustris protein extract before the addition of crosslinking buffer. The crosslinking was performed similar to the E. coli crosslinking above. RPA3313 with crosslinked binding partners was purified using the RPA3313 histidine tag and a Co 21 affinity column as described above in the protein purification section.
MS proteomics
Protein bands separated with SDS-PAGE were digested in situ using a slightly modified version of a published method. 36 Briefly, the samples were washed with 100 mM ammonium bicarbonate, reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide, washed twice with 100 mM ammonium bicarbonate, and digested in situ with 10 ng/mL trypsin (Promega, Madison, WI). Peptides were extracted with two 60 mL aliquots of 1:1 acetonitrile:water containing 1% formic acid. The extracts were dried down using a SpeedVac and then reconstituted into 15 lL of water 10.1% formic acid. Four microliters of the extract solution was injected onto a trapping column (300 mm 3 1 mm) in line with a 75 mm 3 15 cm C18 reversed phase LC column (Waters, Milford, MA, USA). Peptides were eluted from the column using a water 10.1% formic acid (A)/acetonitrile 10.1% formic acid (B) gradient with a flow rate of 500 nL/min. The gradient was developed with the following time profile: 0 min, 5% B; 5 min, 5% B; 35 min, 35% B; 40 min, 45% B; 42 min, 60% B; 45 min, 90% B; 48 min, 90% B; and 50 min, 5% B.
The eluting peptides were analyzed using a Synapt G2S Q-TOF tandem mass spectrometer (Waters, Milford, MA, USA) with electrospray ionization. Analyses were performed using data-dependent acquisition (DDA) with the following parameters: 0.7 s survey scan (380-200 Da) followed by up to four MS/MS acquisitions (50-2000 Da). The instrument was operated at a mass resolution of 18,000. The instrument was calibrated using a solution of NaI in 1:1 water:acetonitrile. The MS/MS data were processed using Masslynx software (Micromass, Milford, MA) to produce peak lists for database searching. Mascot (Matrix Science, London, UK) was used as the search engine. Data were searched against the National Centre for Biotechnology Information (NCBI) nonredundant database. The following search parameters were used: mass accuracy 20 ppm, enzyme specificity trypsin, fixed modification carboxyamidomethylcysteine (CAM), variable modification oxidized methionine. Protein identifications were based on random probability scores with a minimum value of 25.
Bioinformatics analyses
The RPA3313 sequence (excluding the 21 residue histidine tag) and the NMR structure were submitted to the ConSurf webserver to identify evolutionary conserved residues. 37-40 Structural comparison was done with PDBeFold 41 and protein2protein interaction residues were predicted with cons-PPISP. 42, 43 Results from the ConSurf and cons-PPISP analyses were mapped onto the surface of the protein with UCSF Chimera. 44 Surface hydrophobicity was also calculated within Chimera. The BLAST hits were visualized with the neighbor-join algorithm using Dendroscope. 45
RESULTS AND DISCUSSION
Solution structure of R. palustris protein RPA3313
Backbone and side-chain resonance assignments for RPA3313 were made for the 68 assignable residues excluding the N-terminus histidine tag (Supporting Information Fig. S-1 13 Ca/ 13 Cb chemical shifts, and an initial model generated using CS-ROSETTA. 24-26 During structure generation, 1000 structures were initially created and the 20 lowest energy models were selected for further water refinement. A coordinate average of the 20 water-refined structures was subjected to water refinement for additional minimization. The water refined ensemble structures did not contain any distance violations >0.5 Å or dihedral angle violations >58. Also, the NMR data agrees well with the calculated structures since the RMSD of the backbone secondary structure residues is 0.70 6 0.07 Å and the RMSD for heavy atoms is 1.2 6 0.12 Å . Complete structural statistics for the RPA3313 NMR structures are listed in Table I . Chemical shift assignments have been submitted to the BMRB as entry 30070 and coordinate files have been uploaded to the PDB as entry 5JN6.
The overall quality of the RPA3313 NMR structure was assessed with the PSVS software suite (Table II) . All but one residue was located in the most favored region (98.3%) of the Ramachandran plot with the remaining residue in the allowed region (1.7%). PROCHECK further supported the dihedral angle quality of the RPA3313 NMR structure with Z scores of 0.12 and 20.71 for /, w angles and all angles, respectively. Overall model quality was further assessed with ProsaII that produced a good Z-score of 20.58. An excellent quality score of 20.45 was also obtained from a MolProbity analysis, which evaluates atom clashes in the 3D structure. The ProsaII, PROCHECK and MolProbity scores are consistent with other high-quality NMR structures deposited in the PDB. Conversely, the Verify3D structure assessment yielded only a modest score of 21.93, but the analysis is still within an acceptable range compared to other NMR structures. Verify3D measures agreement between the 3D structure and the primary sequence. The novel fold for the RPA3313 structure may be a factor in the relatively low Verify3D score. The structure of RPA3313 adopts a split bbab motif formed by 3 b-strands (b1-3) packed against an a-helix (Fig. 2) . There are no known structures of homologs to RPA3313 and a search against the PDB using PDBeFold did not yield any significant results. Although the bbab motif is ubiquitous, when the RPA3313 structure is compared to proteins with similar motifs there is either a different handedness, or the orientation of the bsheet along the a-helix is askew. This is not uncommon for this type of fold, as the b2sheet typically curls or flexes to cover the hydrophobic core of the protein. 46 Starting at the N-terminus, the first 2 b-strands are formed antiparallel to one another and are connected by a b-hairpin turn. The initial residues at this terminus do not contribute to b1 and are disordered. At the beginning of b2, Trp15 creates significant bulk in the core of the protein near the b-hairpin. The indole side-chain reaches from b2 toward the surface of the protein, which forces Gly10 to accommodate this structural perturbation. Both b1 and b2 have branched side chains forming the center of the protein. Connecting b2 to the a-helix is an extended loop region comprised mostly of negatively charged, polar residues. This loop outlines the top of a cavity formed with b1 and the N-terminus of the ahelix. An additional Tyr residue in the loop has its sidechain in close proximity to Lys30, which marks the beginning of the a-helix. The length of the a-helix is approximately 17 residues and is terminated by Gly48. Alanine residues line the inside of the helix and polar residues, including one cysteine, create the solvent exposed surface. A g-turn links the a-helix to b3, which runs parallel to b2. The side-chain of Arg52 on b3 is angled toward the center of the b-sheet and creates a stacking interaction with Arg14 on b2 (Fig. 3) . This interaction is stabilized by Glu50, which may explain why the a-helix to b3 turn contains only 2 residues. The bottom of b3 is hydrophobic and consists of branched chain amino acids. Figure 2 (A) An ensemble of the 20 best water-refined structures of RPA3313 for residues 6-54 and (B) the coordinate average structure of the ensemble after water refinement. The structures are colored according to secondary structure: red for a-helix, blue for b-strand, and white for loops and disordered regions. The structural elements and the N-and C-terminus are labeled. The disordered C-terminus has been excluded for clarity. Following the last b-strand is the disordered Cterminus. At approximately 15 residues in length, this tail is mostly unstructured except for a small a-helical propensity centered on Val67. Seemingly uninteresting at first, the disordered C-terminus probably has a significant physiological function. Disordered termini are known to serve in a broad range of roles such as protein2protein interaction sites, chaperones, and signal processing. 47 The proximity of the terminus to the large cavity on the surface of RPA3313 also suggests that it may potentially serve a role in activity [ Fig. 2(b) ]. Single-stranded DNA (ssDNA) binding proteins in prokaryotes maintain evolutionary conserved disordered Ctermini that compete with the DNA binding site in order to exclude unwanted binders. 48 Although it is not known if RPA3313 binds ssDNA, the mechanism of the competition between the disordered tail and ligand remains a possibility. Also, many photosynthetic organisms possess globular proteins that have extended termini and are involved in a wide array of functions. 49 These extensions are highly variable and show little conservation between homologous species. However, they are necessary for host protein regulation and function. Since RPA3313 is expressed during photoautotrophic growth, it is possible that the disordered tail is involved in a light dependent mechanism.
Conserved residue analysis
The structure of RPA3313 was submitted to the ConSurf server for conserved residue analysis. ConSurf identifies and scores residue conservation based on a BLAST search and a subsequent multiple sequence alignment. Plotted on a surface representation of the RPA3313 NMR structure are the ConSurf scores, which range from 0 (cyan) to 1 (magenta) with 1 signifying high conservation (Fig. 4) . Clearly visible is a conserved pocket between the extended loop and the top of b1. The deepest region of the cavity is defined by the peptide backbone of the ahelix and Tyr6. Conserved residues with side chains pointing into the pocket are Asp20, Tyr27, Lys30, and Phe34 (Fig. 5) . The Asp, Tyr, and Lys residues have the ability to form hydrogen bonds with a ligand. Additionally, Lys and Asp are possible metal coordinators and Tyr and Phe may be involved in p-p interactions with a ligand. Also conserved are small flexible residues Gly2, Ala4, and Gly25. Each residue is either at the top or the bottom of the pocket and likely contributes to important structure flexibility. These small residues would enable the protein to bend in order to accommodate a larger ligand, or to change the size of the entrance to the pocket based on other structural perturbations or modifications. Gly2 is doubly important as it follows the Nterminal start methionine. Small flexible residues trailing methionine enable truncation by an aminopeptidase and it is anticipated that the physiological form of RPA3313 lacks this initial methionine residue. 50 Distal to the pocket, the g-turn between a-helix and b3 is also highly conserved. It is possible that this turn also acts like a hinge between the b-sheet and a-helix to allow the protein to adjust to a possible change in the hydrophobic core resulting from binding a ligand or a protein2pro-tein interaction. The aforementioned stacked arginine residues (14, 52) are also moderately conserved. The ConSurf score of approximately 0.5 indicate that this could be an evolutionary newer interaction or function. The stabilizing Glu50 residue has a higher conservation score (0.7) than the arginines, but lower than the other residues in the g-turn. This suggests that Glu50 may have a dual role in providing flexibility at the hinge in addition to stabilizing the arginine stacking interaction. Lastly, a highly conserved proline residue (56) exists at the end of b3. Proline is known to disrupt secondary structure formation and is most often found in disordered regions or turns. In this case, proline is acting as a terminator of a b-strand, which may assist in keeping the C-terminus residues in a disordered state. Furthermore, proline residues are associated with protein2pro-tein interactions involving disordered protein regions. 51 In these situations the disordered tail or region adopts an induced fit upon interaction or binding.
Protein-protein interaction site prediction
A further bioinformatics analysis of the structure of RPA3313 was carried out with cons-PPISP. The cons-PPISP server utilizes a neural network to predict position specific interaction sites on protein surfaces. Based on the output of cons-PPISP, it is possible to reliably identify clusters of residues that suggest a potential protein binding site. Two large sites were successfully identified that, when visualized on the surface of the RPA3313 NMR structure, lie opposite of one another (Fig. 6) . One potential protein binding site is between the b-sheet and a-helix on the bottom of RPA3313, while the other crosses the width of the b-sheet on the top of the protein. The bottom protein binding site consists of side chains from residues Tyr6, Trp15, Phe34, Cys38, Ser42, Ile45, Lys46, Glu50, Val51, Arg52, Ile53, and Thr54 [ Fig.  6(a) ]. Although mostly hydrophobic in composition [ Fig.  6(c) ], these residues form a likely interaction hotspot due to their high abundance in other known protein2-protein interactions. 52 Furthermore, the surfaces of bsheets are known to commonly participate in protein binding. A protein binding event at this bottom location on the RPA3313 surface could induce a significant reshuffling of the hydrophobic core as discussed earlier.
The second predicted protein binding site runs perpendicular to the b-sheet and lies directly opposite the first predicted binding site [ Fig. 6(b) ]. Solvent exposed side chains from residues Val9, Tyr27, Ala32, Ala36, Ala39, and Asn43 populate the surface of the top protein binding site. This putative protein interaction site has both hydrophobic and hydrophilic regions [ Fig. 6(d) ] indicating that multiple binding partners are possible.
Protein-protein crosslinking
A simple crosslinking experiment was carried out in order to determine possible protein binders to RPA3313. The crosslinking experiment was performed both in vivo in E. coli and in vitro with a proteome extract from R. palustris. The replicate crosslinking experiments were performed to reliably identify physiologically-relevant interaction partners to RPA3313. RPA3313 was overexpressed in E. coli and prior to the two distinct crosslinking experiments the cell culture was split into two separate samples. A small aliquot of the total cell culture was removed for the in vivo crosslinking experiment, and the remaining cell culture was then used to extract and purify the overexpressed RPA3313 protein.
Purified RPA3313 was spiked into a total protein extract from an R. palustris cell culture and the formaldehyde crosslinking was then performed in vitro. In contrast, the E. coli cell culture overexpressing RPA3313 was simply treated with formaldehyde for an in vivo crosslinking experiment. Formaldehyde was used to covalently link lysine side chains through amide bond formation and subsequently removed by heating the sample after purification. Following purification, the crosslinked proteins were resolved by SDS-PAGE and identified by MS/ MS analysis. Proteins found to be crosslinked to RPA3313 belonged to ribosomal subunits in both E. coli and R. palustris (Table III) . Moreover, most of the protein component of the ribosome from both organisms was identified to bind RPA3313. Thus, RPA3313 appears likely to bind to the ribosome at one or multiple points. Since it is also possible that the ribosome remained intact during the crosslinking and purification process, the number of binding sites for RPA3313 on the ribosome remains undetermined. It is important to note that RPA3313 was only overexpressed in E. coli and not in R. palustris. This insures that the results are physiologically relevant and not a simple artifact of an overexpressed protein being crosslinked to equally abundant ribosomal proteins. In fact, an additional in vivo crosslinking experiment with a second overexpressed protein (human DJ-1) served as a negative control and verified that the RPA3313 results were not an artifact of a protein overexpression system. Despite identical experimental conditions and unlike RPA3313, human protein DJ-1 did not crosslink with any (as expected) E. coli proteins in vivo.
A previous study successfully sequenced and identified the ribosomal subunits from R. palustris. 53 During the study, other uncharacterized proteins were purified with the ribosome, but none of them were identified as RPA3313. Like many ribosomal subunits from other organisms, some of the subunits from R. palustris contained disordered C-termini. The disordered C-terminus acts as an anchor and buries itself into the RNA core and also promotes proper assembly of the ribosome. 54,55 Globular portions of the proteins are then exposed to the solvent to interact with other proteins. While RPA3313 is not part of the ribosome, its tertiary structure mimics a ribosomal subunit with the multiple protein2protein binding sites and a disordered Cterminus. RPA3313 may instead act as a chaperone or transporter for substrates traveling to or from the ribosome.
CONCLUSION
RPA3313 is a conserved protein from R. palustris and a member of functionally unannotated class of proteins in alphaproteobacteria. The purpose of this study was to structurally characterize this class of proteins and provide an initial functional characterization. An NMR solution structure reveals that RPA3313 adopts a novel globular split bbab motif followed by a disordered C-terminus tail. PSVS evaluation of the ensemble of the 20 lowest energy structures of RPA3313 produced generally good quality scores consistent with other high-quality NMR structures deposited in the PDB. Bioinformatics analyses led to the identification of several possible protein2pro-tein interaction sites on the surface of RPA3313 and a large conserved pocket sandwiched between the b-sheet and a-helix. Crosslinking analysis revealed that RPA3313 interacts with the ribosome both in vivo and in vitro. Multiple ribosomal subunits were pulled down with RPA3313 in E. coli and in R. palustris, so the exact nature of the interaction between the two is unknown. In silico dockings, 15 N NMR titrations, and ligand screenings were done in an attempt to determine the physiological role of RPA3313 (data not shown). However, a binder with a submillimolar binding constant was not found. It is possible that the tertiary structure of RPA3313 changes the shape of its binding pocket when in contact with another protein or in a much larger complex. Also, the C-terminus tail could be blocking or competing for the binding site and the lack of an Nterminus methionine truncation could also impede the binding site. The expression conditions of RPA3313 also remain unknown. It is possible that the protein is only expressed during certain metabolic modes of growth, as this protein is not found in evolutionary distant bacterial species with more limited metabolism. The combined structural and proteomic analyses in this study strongly suggest that RPA3313 by itself or in a larger complex may serve as a ribosomal transport protein. 
Organism
Identified ribosomal proteins E. coli S2-11, S13, S15, S16, S18, S19, S21, L2-6, L9-11, L13-22, L24, L27, L28, L32 R. palustris S6-13, S15-17, S19-21, L1-3, L6, L7/12, L9, L10, L15, L17-19, L21, L23, L24, L30, L32, L33 E. coli (DJ-1 control) NA
